The authors demonstrate that the compositional sensitivity of an atomic force microscope is enhanced by the simultaneous excitation of its first two flexural eigenmodes. The coupling of those modes by the nonlinear probe-surface interactions enables to map compositional changes in several conjugated molecular materials with a phase shift sensitivity that is about one order of magnitude higher than the one achieved in amplitude modulation atomic force microscopy.
Rodriguez and García have recently proposed the simultaneous excitation of the first two flexural modes of the cantilever to increase the compositional sensitivity of an AFM while reducing the force exerted on the sample. 12 The simulations showed that compositional contrast could be obtained in an attractive regime where the contrast was dominated by van der Waals forces in the 10-100 pN range. Their approach goes beyond the standard point-mass models used to understand and explain AM-AFM. 1, 13, 14 It implies the consideration of the AFM microcantilever as a continuous beam with many vibrational resonances. Related to the above approach is the use of higher harmonics of the fundamental resonance to extract information about material properties or to improve the instrument sensitivity. [15] [16] [17] [18] [19] [20] [21] [22] Stark et al. have demonstrated higher order harmonic imaging of heterogeneous samples. 16 Sahin et al. have developed new rectangular cantilevers to exploit the sensitivity of higher harmonics to measure material properties. 18 Balantekin and Atalar 19 have imaged surfaces by using the third-harmonic amplitude, Crittenden et al. 20 have demonstrated that the higherharmonic resonances are sharper than the fundamental harmonic, and Legleiler et al. have used higher harmonics to extract the time-resolved force interaction in fluids. 21 In this letter we demonstrate that the sensitivity of an amplitude modulation AFM to map compositional changes in conjugated molecular materials can be enhanced by the simultaneous excitation of the first and second flexural modes. Under the same experimental conditions, the phase shift associated with the second mode is about one order of magnitude more sensitive to detect compositional variations than the phase shift of the first mode. Furthermore, the comparison between experiments and theory shows that the enhanced compositional sensitivity is achieved in a purely attractive and nondissipative regime.
The experiments are performed with a modified AM-AFM that enables the simultaneous excitation of the first and second resonances of the microcantilever beam ͑see Fig. 1͒ . The rms amplitude of the first mode is fed back to the controller for topography imaging while the phase shifts of the first and second modes are recorded and plotted to detect compositional variations. Phase shift measurements are performed with doped n + -type silicon cantilevers with a nominal radius of 10 nm ͑Nanosensors, Germany͒. The static force constant k, quality factors ͑Q 1 and Q 2 ͒, and resonance frequencies ͑f 1 and f 2 ͒ were, respectively, 2 N / m, 173 and 503 kHz, and 70.37 and 448 kHz for imaging the tetrathiafulvalene derivatives, and 10 N / m, 298 and 752 kHz, and a͒ Author to whom correspondence should be addressed; electronic mail: rgarcia@imm.cnm.csic.es FIG. 1. Schematics of an amplitude modulation AFM operated under bimodal excitation. The cantilever is mechanically excited at its first two resonances. The photodiode signal ͑output͒ is processed to separate its components A 1 , A 2 , 1 , and 2 .
106.7 and 667.3 kHz for imaging sexithienyl molecules.
The semiconductor samples were p-type Si͑100͒ with a resistivity of 0.1-1.4 ⍀ cm. The silicon surface is chemically treated to be covered by a very thin silicon dioxide film ͑ϳ0.6 nm͒. A solution of tetrathiafulvalene ͑TTF͒ derivatives of 10 −4 M in acetonitrile was deposited by drop casting on silicon surfaces. 23 Sexithienyl ͑T6͒ molecules were deposited onto silicon substrates by sublimation in ultrahigh vacuum of the polycrystalline material from a Knudsen cell in an organic molecular beam deposition apparatus. In order to obtain the formation of two-dimensional ordered T6 layers, high substrate temperature during deposition and low deposition rate and film thickness were chosen on the basis of the T6 film "kinetic" phase diagram. 24 The simulations were performed by modeling the threedimensional microcantilever as a rectangular beam and applying the Euler-Bernoulli equation as it is described in Ref. 25 . Figure 1 shows schematics of the experimental setup to perform the simultaneous excitation and the phase shift representation of the first two normal modes. The key element is the simultaneous excitation of the microcantilever to its first and second resonances by a mechanical force described by
where 1 and 2 are the angular frequencies of the first and second flexural modes of the free cantilever.
The output signal of the first mode is used to image the topography of the sample while the phase shifts of both first and second modes are used to map changes in the composition of the atoms or molecules under the tip. Figure 2 shows the topography and phase shift images of several T6 monolayers deposited on a silicon surface. Topography and phase images are taken simultaneously. The size and shape of the T6 islands on silicon make them ideal samples to test the compositional sensitivity of an AFM. Figures 2͑b͒ and 2͑c͒ show the phase images of the T6 islands on silicon by recording, respectively, the phase shift variation of the first and second modes. The cross section along the dashed line in Fig. 2͑b͒ shows a ⌬ 1 = 0.1°contrast between the silicon and T6 ͓Fig. 2͑e͔͒, i.e., barely above the noise level ͑ϳ0.05°͒. On the other hand, the phase shift difference obtained in the second mode is ⌬ 2 = 0.9°͓Fig. 2͑e͔͒. The comparison between 1 and 2 cross sections shows that the material contrast is enhanced by a factor of 10 by plotting the second mode phase shift. The peaks that appear in the phase shift cross sections are topographic artifacts due to the finite time response of the feedback electronics. We remark that the first and second mode phase images have been obtained under exactly the same conditions and forces.
The general character of the method is demonstrated by imaging an organic compound with different chemical composition and shape. Figure 3͑a͒ shows the topography of a cluster of conjugated molecules ͑TTF derivative͒ deposited on a silicon surface. The first mode phase image ͑not shown͒ and cross section ͓Fig. 3͑b͔͒ do not show any kind of contrast other than the topography artifacts due to the feedback electronics finite time response. On the other hand, the sec- ond mode phase shift cross section shows a noticeable ⌬ 2 = 1.2°change between the cluster of molecules and the silicon surface ͓Fig. 3͑b͔͒.
The comparison between theory and experiments for T6 monolayers is shown in Table I for a long-range tip-surface interaction described by the following equation:
where H, R, and d are the Hamaker constant, tip's radius, and tip-surface instantaneous distance. We have taken Hamaker constants for the silicon dioxide-air-silicon dioxide and T6-air-silicon dioxide interfaces as H = 6.7ϫ 10 −20 and 4.5 ϫ 10 −20 J, respectively ͑R =10 nm͒. Those values have been derived by following Ref. 26 . The model predicts the observed experimental trend although it overestimates the enhancement of the phase shift of both modes. This could be attributed to several factors such as the strength of the internal damping in the experimental cantilever, which is currently unknown. The internal damping could decrease the coupling between the modes and consequently the enhancement of the phase shift signal of the second mode. The differences existing in the geometry between the simulated and the experimental cantilever could also contribute to the observed numerical discrepancies. The experimental cantilever has a trapezoidal section while the simulated beam is rectangular. The coupling between modes also gives rise to a small phase shift in the first mode. We remark that this happens in the absence of any dissipative process at the tip-sample interface.
In short we have demonstrated the compatibility of topographic and compositional mapping of an AFM under the excitation of its first two flexural modes. We have demonstrated that the phase shift associated with the second mode is one order of magnitude more sensitive to detect compositional variations in conjugated molecular materials than the one of the first mode. These results confirm previous simulations that predicted a higher sensitivity in atomic force microscopy by the simultaneous excitation of the first two flexural modes. The present results together with the theoretical simulations pave the way to develop a spatially resolved force spectroscopy with atomic or nanometer resolution for operation in liquids or air.
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